While some of the recent surges in oil prices can be attributed to a robust global demand at a time of tight production capacities, commentators occasionally also blame the impact of speculators for part of the price pressure. We propose an empirical oil market model with heterogeneous speculators. Whereas trend-extrapolating chartists may tend to destabilize the market, fundamentalists exercise a stabilizing effect on the price dynamics. Using monthly data for West Texas Intermediate oil prices, our STR-GARCH estimates indicate that oil price cycles may indeed emerge due to the non-linear interplay between different trader types.
INTRODUCTION
Recent years have witnessed a drastic rise in crude oil prices. Having been as low as US$20 at the start of 2002, the price of West Texas Intermediate (WTI) exceeded US$70 per barrel in mid-2006. To some extent, this sharp price increase reflected market tightness driven by a robust demand growth and dwindling spare production capacities, as global economic activity recovered briskly from its last downturn and energy consumption expanded rapidly in developing countries, especially in China (Sommer et al., 2005) . However, commentators have also occasionally blamed the impact of speculators for part of the upward pressure on oil prices (e.g. Greenspan, 2004) , with some analysts hinting at a speculative bubble in oil prices. Empirical investigations in this direction have primarily focused on data on the composition of open interest in crude oil futures markets published by the US Commodity Futures Trading Commission and have produced rather cautious results so far. Haigh et al. (2005) find that managed money traders (otherwise known as hedge funds) provide liquidity to large commercial traders (hedgers), not vice versa, altering their positions in response to price innovations and position changes by hedging participants. Consistently, IMF staff (Dao et al., 2005) observe that speculative activity follows changes in spot prices, which may imply that speculators consider a price trend to be lasting.
More generally, there exists widespread evidence that both private and professional speculators rely on simple trading strategies to determine their investment positions. For instance, Smidt (1965) reports that a large fraction of the speculators apply price charts to render trading decisions in commodity markets. Similar results are obtained by Canoles et al. (1998) and Draper (1985) . Furthermore, Sanders et al. (2000) discern evidence of positive-feedback trading in several commodity markets, and Weiner (2002) detects evidence of herding behavior in the petroleum market. Overall, these studies indicate that speculative trading based on technical and fundamental analysis is a major factor of price variation in many commodity markets.
The aim of this paper is to develop a simple oil market model with technical and fundamental traders. Technical analysts form price predictions by extrapolating historical price trends. Most importantly, if prices increase (decrease), technical analysis suggests buying (selling) oil. Such behavior tends to destabilize the markets. Fundamental analysis is based on the assumption that prices converge toward their long-run equilibrium value. For example, if the price is below its fundamental value, fundamental analysis triggers buying signals. Within our set-up, the market impact of stabilizing fundamental traders is determined endogenously: the greater the distance between the actual price of oil and its long-run equilibrium value, the more fundamentalists enter the market. In fact, the degree of under-or overvaluation indicates both the mean reversion potential and the chance that a price correction will set in. Since our fundamentalists do not distinguish between under-and overvaluation, the structure of the model is entirely symmetric. As a result, we are dealing with strong and persistent misalignments in the oil market but do not address asymmetries like differing durations of booms and slumps.
While the fundamentally justified price of oil has clearly risen in recent years -probably owing to the erosion of spare capacity in oil production -the impact of chartists may have aggravated the upward price movement at times. We use China's oil imports as a proxy for diminishing excess capacity to determine the fundamental oil price. 1 Applying an STR-GARCH estimation procedure to monthly WTI prices in the period from 1986 to 2006, we find strong support for our set-up. All coefficients are statistically significant and of the correct sign. Remember that the family of smooth transition autoregressive (STAR) models, developed by Granger and Teräsvirta (1993) , Teräsvirta (1994) and Teräsvirta and Anderson (1992) , implies the existence of two distinct regimes, with potentially different dynamic properties. The transition between the regimes is smooth. In our set-up, the market impact of fundamentalists is low in one regime but high in the other. Since the market impact of the fundamentalists increases when prices deviate from their long-run equilibrium values, booms and slumps are eventually countered. However, a (too) low market impact of fundamental traders in periods where prices are close to fundamental values and the presence of technical traders may be a crucial reason for cyclical price fluctuations, as observed in many commodity markets. Clearly, destabilizing chartists may then drive prices away from fundamental values.
The remainder of the paper is organized as follows: in Section 2, we present our stylized model of the oil market with heterogeneous interacting traders. In Section 3, the STR-GARCH framework is applied to the chartist and fundamentalist model, followed by a description of our dataset. Section 5 contains the estimation results, before the final section concludes the paper.
A STYLIZED MODEL
Our model is inspired by the chartist-fundamentalist approach, which has proven to be quite successful in replicating some important stylized facts of stock and foreign exchange markets (Boswijk et al., 2006; Brock and Hommes, 1997; DeGrauwe and Grimaldi, 2006; LeBaron et al., 1999) . While the behavior of chartists is likely to be destabilizing, fundamentalists exercise a stabilizing effect on the price dynamics. However, the influence of the two trader types is typically not constant over time. In periods in which technical traders dominate the market, booms and slumps may emerge. When fundamental analysis gains in popularity, prices are pushed back to more moderate values. Within these models, a larger part of the dynamics is driven by the interactions of the speculators. A central lesson of this branch of research is that the dynamics of asset prices is not completely determined by exogenous random shocks, such as new information, but has a substantial endogenous component. The core assumptions of the chartist-fundamentalist approach are backed up by many empirical studies. For instance, laboratory experiments indicate that agents are boundedly rational. They tend to apply simple rules of thumb that have proven to be useful in the past (Kahneman et al., 1986) . Asset pricing experiments conducted by Smith (1991) or Sonnemans et al. (2004) furthermore indicate that financial market participants use simple forms of forecast rules such as extrapolative or regressive predictors. In the asset pricing experiments, bubbles and crashes are frequently observed. Survey studies by Menkhoff (1997) or Taylor and Allen (1992) reveal that professional foreign exchange dealers rely on both technical and fundamental analysis to determine their investment positions. As already mentioned in the previous section, similar results are observed for commodity market traders. In general, one may conclude that speculators use a mix of adaptive and regressive expectation formation rules to predict prices, regardless of the market in which they are trading.
Guided by these observations, we seek to develop a simple model that may help us to explain the strong cyclical motion of oil prices. Of course, many aspects influence the evolution of commodity prices. However, the role of speculators in oil price dynamics seems to be under-researched until now, which is why we will explicitly concentrate on them. In brief, the key elements of our oil market model may be outlined as follows: we consider two types of traders. Chartists extrapolate past price trends into the future and therefore add a positive feedback to the dynamics. Fundamentalists expect prices to return toward their fundamental value. While the market impact of chartists is constant, the market impact of fundamentalists depends on their confidence in mean reversion. For example, the larger the mispricing of oil, the more fundamentalists are convinced that a price correction toward the fundamental price will occur. After all active speculators have submitted their orders, the new oil price is announced. If buying orders exceed selling orders, the price of oil increases and vice versa. Then the next trading round starts.
Assuming that oil prices are determined in an order-driven market governed by heterogeneous agents Grimaldi, 2005, 2006) , the oil price change at time t þ 1 can be expressed as a function of excess demand from chartist and fundamentalist traders plus a noise term:
where p t is the logarithm of the spot oil price at time t, and a M is a positive reaction coefficient determined by the market maker. D F t and D C t denote the excess demand from fundamentalist and chartist speculators, respectively. The oil price change depends on the excess demand from both fundamentalist and chartist speculators, because the market maker does not observe them individually.
Orders are submitted by risk-neutral speculators and depend on the expected excess returns, which consist of the expected change in the oil price. We follow Reitz and Westerhoff (2007) and model the chartist trader's order as a positive function of the recent return:
whereas the parameter a C is expected to be positive. This modeling strategy is motivated by Dao et al. (2005) , who find that speculative activity follows changes in spot prices, which implies that speculators consider a price trend to be lasting. Compared to chartist traders, fundamentalist traders base their expectations considering the future oil price development on an analysis of oil price fundamentals, leading to a time-varying long-run equilibrium value, denoted by f t . While the oil price is expected to revert over time, the weight attached to the deviation from the fundamentals in determining orders may vary over time. Thus, fundamentalist traders' orders may be expressed as
where a F is a positive reaction function coefficient. As usual, we assume that the agents know the time-varying long-run equilibrium value f t of the oil price (Brock and Hommes, 1997; Day and Huang, 1990) . Fundamental analysis then suggests buying (selling) undervalued (overvalued) oil. Note that selling oil corresponds either to reducing an open position or going short. The effective demand of the fundamentalists depends on their market impact w t , i.e. the total orders submitted by fundamental traders are given as a F w t ðf t À p t Þ. We assume that there exists a pool of latent fundamental traders who may become active if market circumstances look appealing to them. The market impact of the fundamentalists is defined as
Note first that w t is restricted to the interval [0.5, 1]. Hence, at least 50% of the fundamentalists are active, regardless of the condition of the market. 2 The second term in the denominator captures the agents' confidence in fundamental analysis. The larger the deviation between the price of oil and its fundamental value, the stronger the confidence in mean reversion. As a result, the market impact of fundamental analysis increases. The parameter f captures the curvature of (4). The larger the f, the more quickly fundamental traders will enter the market as the boom or the slump increases. 3 Combining equations (1)-(4), the solution for the oil price can be derived as
with a 5 a M a C 40 and d 5 a M a F 40. From equation (5), we can see that, for a given value of d, fundamentalist traders' stabilizing impact on the oil price increases non-linearly with their 2. The basic impact of the fundamentalists may also be interpreted as the impact of the real economy, i.e. the orders triggered by imbalances between the demand of the consumers and the supply of the producers in a given period. For instance, if the price is below its equilibrium value, then consumers will demand more than is offered by the producers in that period. As a result, their net demand is positive. 3. With the logistic form of equation (4), we follow the switching mechanism of Brock and Hommes (1997) and Lux (1998) and is the spirit of the recent work by Grimaldi (2005, 2006) , who develop a similar switching function in their model of chartistfundamentalist interaction.
confidence in fundamental analysis. As the oil price becomes increasingly misaligned, fundamentalist traders increase their orders and mean reversion strengthens. If the oil price is far from its fundamental equilibrium value, fundamentalist traders provide maximum mean reversion, since w t will be close to unity. We now turn to the empirical implementation of the model.
THE EMPIRICAL MODEL
Our aim is to investigate empirically the role of heterogeneous speculators through an investigation of the non-linear theoretical oil price model outlined in the previous section. Our empirical model belongs to the STAR family of models originally proposed by Ozaki (1985) and further developed and analyzed by Granger and Teräsvirta (1993) , Teräsvirta (1994) and Teräsvirta and Anderson (1992) . STAR models allow an economic variable to follow a given number of regimes, with switches between regimes achieved in a smooth and continuous fashion and governed by the value of a particular variable or a group of variables. The STAR framework has been proved to be successful previously in applications to commodity prices (Reitz and Westerhoff, 2007) and exchange rate behavior (Kilian and Taylor, 2003; Taylor and Peel, 2000; Taylor et al., 2001). 4 In order to examine the empirical evidence of our market microstructure model, we use monthly data, implying that the conditional variance of oil price returns may not be constant over time. To cope with the heteroskedastic properties of monthly returns, we therefore apply the STR-GARCH procedure originally developed by Lundbergh and Teräsvirta (1998) and applied by Gallagher and Taylor (2001) , Reitz and Taylor (2008) and Reitz and Westerhoff (2007) . The STR-GARCH model consists of a mean equation containing a smooth transition function and a standard GARCH(1, 1) volatility equation. In the present context, given the theoretical model outlined above, this suggests an empirical model of the form
w t ðf; f tÀd À p tÀd Þ ¼ 1 1 þ expðÀfjf tÀd À p tÀd jÞ ð7Þ
where D is the first-difference operator and e ¼ n t ffiffiffiffi ffi h t p and n iid t is N(0, 1). The transition parameter f is a slope parameter that determines the speed of transition between the two extreme regimes, with low absolute values resulting in a slower transition. The major differences between empirical models (6)-(8) and the theoretical model set out in the previous section are twofold. The first difference lies in our introduction of a GARCH process to model the variance of oil price returns. When estimating the model, it turns out, however, that the simpler ARCH(1) specifications sufficiently capture the conditional standard variance of the error term. Second, we allow in our empirical model for a value of the delay parameter, d, different from one since the importance of searching for an appropriate value of the delay parameter in empirical applications of STAR models has been stressed by Teräsvirta and others (e.g. Granger and Teräsvirta, 1993; Teräsvirta, 1994; Teräsvirta and Anderson, 1992) .
THE DATA
Our data sample contains monthly US dollar market prices of WTI crude oil derived from the IMF International Financial Statistics database over the period from January 1986 to December 2006. Hence, the time series consists of 252 observations. The use of nominal prices, as represented in Figure 1 , is motivated by the fact that we are interested in explaining cycles in nominal oil prices and, of course, speculators are primarily concerned with expected nominal price changes. As a technical byproduct, this avoids the need to select an appropriate deflator, which is a non-trivial issue (Deaton, 1999) . In order to calculate a fundamental value of the oil price, we assume that it US-$ 1986 US-$ 1988 US-$ 1990 US-$ 1992 US-$ 1994 US-$ 1996 US-$ 1998 US-$ 2000 US-$ 2002 US-$ 2004 US-$ 2006 depends on excess capacity in oil production, which has been eroded in recent years by strong demand growth from emerging economies, especially China.
It is commonly believed that there is a tight relationship between political events such as wars or embargoes and oil price changes. However, Barsky and Kilian (2004) argue that this type of exogenous shocks are but one of a number of different driving forces of oil prices and their impact may differ greatly from one episode to another in an unsystematic way. The authors stress that political disturbances do not necessarily cause surging oil prices and major oil price increases may occur in the absence of such shocks. The minor long-run impact of oil production shortfalls on oil prices is confirmed in great detail in Kilian (2008) . Generating a counterfactual production level by extrapolating its pre-event level, Kilian is able to quantify the aggregated shortfall of OPEC countries' oil production. The change over time in this series, expressed as a share of world oil production, may be viewed as a measure of exogenous oil supply shocks. They range from À 7% to þ 3% of world crude oil production and account for only 6% of the variability in world crude oil production changes. Obviously, exogenous oil production shortfalls are of limited importance in explaining oil price changes. Thus, Kilian (2008) concludes that these results highlight the dominance of alternative driving forces such as persistent shifts in demand for oil.
The relationship between oil prices and Chinese oil imports was originally proposed by Anderson (2005) . As a result, we use China's imports of crude oil as a proxy for diminishing excess capacity or, more generally, market tightness. Yearly data on Chinese imports of oil are interpolated to a monthly frequency assuming an I(1)-process. The regression results are based on Hansen's (1982) generalized method of moments. 5 Standard errors are adjusted for heteroskedasticity and serial correlation using the Newey and West (1987) correction of the covariance matrix. The Dickey-Fuller test statistic (ADF 5 À 25.50) confirms the stationarity of regression residuals, implying a cointegration relationship between the two variables. The adjusted R 2 statistic exceeds 60%, implying that our simple model explains a significant fraction of oil price variance. Moreover, the Durbin-Watson test statistic (DW 5 0.1) reveals serial correlation of standard errors, which we interpret as the outcome of persistent oil price misalignments. These estimation results allow for the approximation of the fundamental value f t as a linear function of China's oil imports. 5. We choose GMM because it does not require the usual normality assumption, and because standard errors can be adjusted to take into account both heteroskedasticity and serial correlation. In the regression, the set of instruments equals the set of regressors, implying that parameter estimates parallel OLS parameter estimates (Bjnnes and Rime, 2005) . Already simple visible inspection confirms the strong cyclical behavior of oil prices around the fundamental value. Since we are attempting to model non-linear mean reversion of the oil price, percentage returns are calculated as 100Dlog( P t ). Table 1 provides some descriptive statistics revealing the standard properties of oil market returns.
In contrast to most financial market time series, oil price returns exhibit a strong autocorrelation at various lags (Deaton and Laroque, 1992) . The distribution of returns is slightly skewed and large absolute returns occur more frequently than normal. For further stylized facts of commodity price dynamics in general, see Borenzstein et al. (1994) or Cashin et al. (2002) .
ESTIMATION RESULTS
The modeling procedure for building STAR models was carried out as suggested by Granger and Teräsvirta (1993) and Teräsvirta (1994) . First, linear autoregressive models were estimated to choose the lag order of the autoregressive term on the basis of the Bayes information criterion. We found that a first-order autocorrelation seemed to be appropriate for oil price returns in our dataset. Second, we tested linearity against the STAR model for different values of the delay parameter d, using the linear model (w t 5 1, for all t) as the null hypothesis. To perform this test, we estimated the auxiliary regression for a wide range of values of d, i.e. 1 d 24. 6 We chose d 5 3, which gives the smallest marginal significance level. Third, we decided to apply the logistic STAR model on the basis of a sequence of tests as described in Granger and Teräsvirta (1993) . Since (7) is a linear transformation of the standard logistic transition function as proposed by Teräsvirta and Anderson (1992) , robust standard errors may be derived. This is important because conditional normality cannot be maintained. Under fairly weak regularity conditions, however, the resulting robust estimates are consistent even when the conditional distribution of the residuals is non-normal (Bollerslev and Wooldridge, 1992) . Table 2 contains our final estimation results.
The estimation results displayed in Table 2 reveal that the STR-GARCH model is able to capture non-linear dynamics in oil prices. The Ljung-Box Qstatistics AR( p) and ARCH( p) indicate that standardized residuals and squared standardized residuals do not exhibit serial dependence. In order to check for remaining non-linearities, we re-estimate the auxiliary equation (9) using the standardized residuals instead of oil price returns. On the basis of an LM-type test, the null hypothesis H 0 : y 3 5 y 4 5 y 5 5 0 is tested against the alternative of (1, 1) parameters; LLh is the log likelihood value; and LRT is the likelihood ratio test statistic with restrictions d 5 f 5 0. AR( p) denotes the p-value for the Ljung-Box statistic for serial correlation of the residuals up to p lags. ARCH(q) denotes the p-value for the Ljung-Box statistic for serial correlation of the standardized squared residuals up to q lags. NRNL is the lowest p-value for no remaining non-linearity up to 12 lags. t-Statistics in parentheses are based on robust estimates of the covariance matrices of the parameter estimates. * , ** , *** Significant at the 10%, 5%, 1% levels, respectively.
6.
Note that x t f t À p t . an additional non-linear structure (Eitrheim and Teräsvirta, 1996; Lundbergh and Teräsvirta, 1998) . The reported p-values of the test statistic reveal that the null of no remaining non-linearity (NRNL) cannot be rejected at standard levels of significance. We now turn to the central question as to whether there is evidence in favor of chartist-and fundamentalist-driven oil price dynamics. The answer is given by the likelihood ratio test statistic and the t-statistics of the respective parameter estimates. To provide a likelihood ratio test statistic, we compare the above model with a simpler AR(1)-ARCH(1) specification so that the parameters d and f are restricted to zero. The resulting test statistics show that the introduction of STR-type dynamics increases the log likelihood with a significance level of 1%. The chartist and fundamentalist coefficients are of the correct sign and are statistically significant at the 1% level. Statistically significant estimates of f point to moderate transitions between regimes. In Figure 2 , we have plotted the estimated transition function against lagged values of deviations of the oil price from its fundamental value.
There seem to be a reasonable number of observations above and below the equilibrium value, so that we can be confident in our symmetric specification of the transition function. The transition function attains values up to 0.83 over the sample period, but only for quite large misalignments. Considerable mean reversion is triggered by fundamentalist speculation only for relatively strong misalignments. For deviations from the fundamental value of the order of AE 40% -the range in which most of the observations are clustered -the transition function value is around 0.65. Overall, the relatively weak mean reversion seems to allow for destabilizing speculation, resulting in persistent oil price bubbles. 
CONCLUSIONS
In this paper, we develop an empirical oil market model with heterogeneous interacting agents relying on technical and fundamental analysis to determine their orders. Technical analysis is a trading method that aims at identifying trading signals out of past price movements. Fundamental analysis predicts a convergence between prices and fundamental values and thus tends to stabilize the price process. However, the relative market impact of the two trading strategies is not constant over time but depends on the degree of the oil price misalignment. Our STR-GARCH model reveals that the more the price deviates from its long-run equilibrium value, the more fundamentalists will become active. Their orders then drive prices back to more moderate values. However, if the price is close to its fundamental value, the market impact of fundamentalists is relatively low. In such a situation, the presence of destabilizing chartists and/or random shocks may cause a new (temporary) bull or bear market. Our model suggests that heterogeneous agents and their non-linear trading impact may be responsible for pronounced swings in oil prices, as witnessed in recent years. 
